There exist standard molecular methods of minimal residual disease (MRD) evaluation in acute lymphoblastic leukemia (ALL), in order to detect leukemic blast cells (LBC) not assessable by microscopy of bone marrow. The best time point for MRD evaluation and MRD-based treatment stratification in ALL is shown to be ca.14-16 weeks after induction/ consolidation treatment. Reduction of MRD load before SCT, as a next step of therapy, is quite desirable. E.g., induction and consolidation treatment with tyrosine kinase inhibitors (NKI) increase the molecular CR rate compared to conventional chemotherapy, as measured by the quantitative RT-PCR assays of bcr/abl fusion oncogene. Failure of treatment by molecular criteria identifies the worst ALL subgroup. Several window studies in ALL with new cytostatic drugs (TKIs or MoABs) were aimed to reduce the tumor load before SCT. Moreover, novel immunotherapeutic approaches include application of monoclonal antibodies against specific surface antigens typical to certain differentiation steps in B-lineage.
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Summary
There exist standard molecular methods of minimal residual disease (MRD) evaluation in acute lymphoblastic leukemia (ALL), in order to detect leukemic blast cells (LBC) not assessable by microscopy of bone marrow. The best time point for MRD evaluation and MRD-based treatment stratification in ALL is shown to be ca.14-16 weeks after induction/ consolidation treatment. Reduction of MRD load before SCT, as a next step of therapy, is quite desirable. E.g., induction and consolidation treatment with tyrosine kinase inhibitors (NKI) increase the molecular CR rate compared to conventional chemotherapy, as measured by the quantitative RT-PCR assays of bcr/abl fusion oncogene. Failure of treatment by molecular criteria identifies the worst ALL subgroup. Several window studies in ALL with new cytostatic drugs (TKIs or MoABs) were aimed to reduce the tumor load before SCT. Moreover, novel immunotherapeutic approaches include application of monoclonal antibodies against specific surface antigens typical to certain differentiation steps in B-lineage.
Hence, evaluation of minimal residual disease is a new parameter for treatment stratification. The conversion of MRD-positivity to MRD-negativity is also a new endpoint for studies. Targeted therapy with TKI has improved the outcome for adult Ph+ ALL patients substantially, evidently by an increased molecular remission rate, and a substantial improvement of survival after SCT. Meanwhile, maintenance with a TKI is recommended after SCT, whereby the optimal duration is so far not known. Maintenance with a TKI is recommended after SCT, whereby the optimal duration is so far not known.
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MRD evaluation, targeted therapy and stem cell transplantation: how to combine in adult ALL Introduction Progress in adult acute lymphoblastic leukemia (ALL) in recent years is based on new diagnostic procedures, particularly the evaluation of Minimal Residual Disease (MRD), and detection of novel genetic aberrations.
At the therapeutic site the instrumentarium has been extended with targeted therapy; either with tyrosine kinase inhibitors (TKI) in Ph/bcr-abl+ ALL or, more recently, with immunotherapeutic approaches [7] .
Minimal Residual Disease
There exist standard methods and definitions of MRD in ALL, in order to detect leukemic blast cells (LBC) not assessable by microscopic examination of bone marrow. Therefore, molecular complete remission (MolCR) is defined as ≤ 0,01% = ≤1 LBC in 10.000 normal cells. The molecular methods include flow cytometry (FC), or molecular biology (nucleic acid-based) approaches. Appropriate sensitivity thresholds are: 10 . In sum, the quantitative MDR biomarkers are applicable in >90% of ALL cases.
The best time point for MRD evaluation and MRD-based treatment stratification is shown to be ca. 14-16 weeks after induction/consolidation treatment, according to the most studies. A molecular response by the week 16 after Consolidation I is most informative, with highest molecular CR rates, in order to predict outcomes of CR in standard-risk (Ph-negative) ALL, according to the GMALL Studies (06/99-07/03).
Failure of treatment by molecular criteria identifies now the worst ALL subgroup. In cases of MRD-positivity after induction/consolidation, stem cell transplantation (SCT) is considered as an option which provides sufficient increase in disease-free survival in adult ALL (standard and high risk groups) [1] . Preparation for SCT requires fast donor search, reserving place for potential haplo-, or cord blood SCT. Reduction of MRD load before SCT is quite desirable.
Pre-SCT tumor load reduction: window studies
Reduction of MRD load before SCT is quite desirable. What approaches should be considered when treating patients positive for MRD before SCT? The so-called window studies with new cytostatic drugs (TKIs or MoABs) are aimed to reduce the tumor load before SCT. These studies allow to explore clinical effects of new drugs, measured quantitatively by MRD levels. One of those window studies was done with Nelarabine (Atriance/ Arranon), a T cell-specific drug, in relapsed/refractory T-ALL/T-LBL [5] . In this study, the CR rate was >40%, but the rate of MRD-negativity was even higher, thus allowing more MRD-negative patients to receive a transplant. Also, TKI as well as immunotherapeutic approaches have been explored in this situation.
Overall, window studies in ALL seem to be the best place for exploring new drugs. According to regulations from authorities, the novel drugs are initially explored in refractory/relapsing ALL, but it seems that some of the new drugs should be preferentially tested in the MRD-positive situation, since they might be more active if a patient has only a smaller tumor load.
The question whether it is useful to reduce the tumor load before SCT arises particularly in Ph+ ALL. It could be demonstrated in several studies that the TKI treatment during induction and consolidation increases the molecular CR rate measured by the quantitative RT-PCR bcr-abl assay to 50-70%, as compared to only 5% with chemotherapy [2] . However, it is not quite clear in Ph/bcr-abl+ ALL whether TKI post-treatment can compensate for MRD positivity before SCT. Nevertheless, in one randomized and several confirmatory studies, it has been convincingly demonstrated that a TKI treatment post-SCT is of benefit, even in patients who are MRD-negative after SCT. The TKI treatment, mostly with Imatinib, but also other TKIs, improved the outcome.
Another question concerns duration of the TKI treatment. Different options are suggested for the following therapeutic regimens: (1) until bcr-abl-negativity for 2-3 time points; (2) for 2.5 years as maintenance therapy in B-lineage ALL, or forever (a discussed item).
Ph+ ALL in the era of TKI
Ph+ ALL adult studies have demonstrated a substantial advantage for SCT in CR1 with an overall survival of 60-70%. In one childhood study, intensive chemotherapy + TKI was sufficient to achieve a similar cure rate compared to a cohort with sibling-or unrelated donor transplant [11] . However, it has to be considered that Ph+ ALL in childhood is slightly different from adults, since many more additional cytogenetic aberrations are present in adult Ph+ALL. Some studies in adults, particularly with Dasatinib, currently explore whether a reasonable cure rate can be achieved without SCT. It seems, however, that the fraction of adult Ph+ ALL patients without a SCT is ~30-40%, all the other patients in these studies were later transplanted in cases of becoming bcr-abl-positive, or relapse, or in second CR. Thus, a randomized study is required in adult ALL in order to learn whether SCT is still needed in bcr/abl-negative patients in CR1.
Moreover, there is a newly discovered subtype, BCR-ABLlike ALL. For these cases, either a TKI, or a JAK2 inhibitor is indicated, depending on genetic aberrations [10] .
For the newly discovered early T cell precursor (ETP) ALL, there are no new drugs proposed, except of Nelarabine evaluation, and those patients are candidates for allo-SCT in CR1, since they have a poor prognosis.
Immunotherapeutic approaches in ALL
Several surface antigens, representing the differentiation steps in B-lineage ALL, express antigens which could be targeted by antibodies. The available drugs include monoclonal anti-CD20 antibody (Rituximab), anti-CD22 (Inotuzumab Ozogamicin, IO), the bispecific CD3/CD19-directed antibody (Blinatumomab), or Chimeric Antigen Receptor modified T (CART) cells, directed against CD19 ( Table 2 ).
The results with Rituximab are most convincing in adult Burkitt leukemia/lymphoma, where CD20-expression is >90%. Addition of Rituximab to intensive chemotherapy has resulted in a survival rate of >80% [8] . CD20 is also positive in ~40% of cells in сommon/pre-B ALL . When referring to GMALL study 07/2003, the Rituximab addition (day -1, 375mg/m 2 for eight administrations) has further improved the outcomes of standard-risk patients, by about 15%, to ~70%. The reason is a faster and higher MRD-negativity which is translated to increased disease-free survival. The question remains open, if Rituximab addition is also of benefit in high-risk patients, being candidates for a SCT in CR1.
Anti-CD22 antibody has been studied in relapsed/refractory ALL with a good CR rate, whereby a high percentage of those
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patients achieved a molecular remission [9] . Interestingly, this medication has been also piloted in a small study with elderly patients where the antibody was added to a reduced chemotherapy (Mini-HyperCVAD), yielding promising results. However, the follow-up in this trial was extremely short.
Blinatumomab is a novel bispecific construct that reacts simultaneously with normal CD3 T cells and CD19 ALL cells, creating a tight intercellular connection followed by T cellmediated cytotoxicity directed against CD19 blast cells (BiTE mechanism). An appropriate Phase 2 study was carried out in pre-B ALL patients being in hematological CR, but with molecular failure or molecular relapse after ≥ 3 cycles of chemotherapy (n=21). The endpoints included a complete molecular response (CMR), time to hematologic relapse, as well as incidence and severity of adverse events [12] . As a result, long-term remissions were achieved in some patients without SCT or any other treatment [13] . Very promising studies were performed with Blinatunomab in refractory/relapsed, or MRD-positive ALL patients. In heavily pre-treated cases, MRD was again chosen as primary endpoint, i.e., conversion from MRD positivity to MRD negativity ≤10 -4 is clearly defined and measurable within weeks to months [6] .
A novel option represents chimeric antigen receptor-modified T cells (CART), autologous T cells expressing a CD19-specific CD28/CD3ζ, dual-signaling, second-generation chimeric antigen receptor (CAR) termed as 19-28z. The CD19-targeted T cells rapidly induce molecular remissions in adults with chemotherapy-refractory ALL [3] .
Conclusions
Evaluation of minimal residual disease is a new parameter for treatment stratification. Th e conversion of MRD-positivity to MRD-negativity is also a new endpoint for studies.
Targeted therapy with TKIs, either first-generation drug (Imatinib), or second-generation agents (Dasatinib/Nilotinib), has substantially improved the outcome for adult Ph+ ALL patients, eventually, by increased molecular remission rates and substantial improvement of survival to 60-70% after SCT.
Maintenance therapy with TKI is recommended after SCT, whereby its optimal duration is so far not known.
Nearly all Ph+/bcr-abl+ patients relapsing after chemo or SCT have specific mutations of the fusion gene, in particular, T351I. Such pharmaceutical products as the new third-generation TKI, Ponatinib, or other substances have to be explored, aiming to overcome drug resistance caused by such mutations.
Immunotherapeutic approaches offer new treatment options, required especially in adult ALL. Anti-CD20 Rituximab, as well as anti-CD22 Inotuzumab Ozogamicin, have been successfully explored in refractory/relapsed ALL, MRD-positive clinical situations, and also in cases of de novo treatment.
A new approach is to activate the patients' own T-cells to be directed against the targeted leukemic blast cells. Blinatumomab, a bispecific antibody, has shown its efficiency in MRD-positive patients, refractory/relapsed disease, and in ongoing studies concerning de novo induction/consolidation therapy.
A novel option concerns potential treatment with Chimeric Antigen Receptor (CAR)-modified T cells, where autologous T-cells against CD19-bearing leukemic cells could be generated. The results are promising, although small groups of patients, short follow-up terms, and considerable treatment-associated toxicity still leave many questions open. 
